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SUMMARY 

A new technique i s  developed f o r  l abo ra to ry  i n v e s t i g a t i o n  o f  pneumat ic- t i re  

hydroplan ing through experiment w i t h  smal l -scale t i r e s  on a t r e a d m i l l  runway- 

s imu la to r .  The t i  res are mounted on a modif ied a i r c r a f t - l a n d i n g - g e a r  assembly 

which permi ts  freedom i n  heave under va r iab le  v e r t i c a l  load and a l l ows  measure- 

ment o f  the l o n g i t u d i n a l  f o rce  exer ted on the t i r e .  The t r e a d m i l l  i s  capable 

o f  speeds up t o  90 f e e t  pe r  second, and i s  o u t f i t t e d  w i t h  a water-supply system 

and a nozzle which d e l i v e r s  a water l a y e r  1- foot  wide, o f  v a r i a b l e  th ickness,  

a t  matching speed. 
I 

The model t i r e s  are f a b r i c a t e d  o f  polyurethane foam the d e n s i t y  o f  which i s  

~ v a r i ed  t o  s imulate v a r i a t i o n s  i n  pneumat ic- t i re  i n f l a t i o n  pressure.  C o r r e l a t i o n  

1 o f  d e t a i l e d  load-deformat ion data f o r  model and prototype t i r e s  demonstrates 

1 
1 

I 

t h a t  geometr ic s i m i l a r i t y  i s  achieved under s t a t i c  cond i t i ons .  Dimensional 

a n a l y s i s  has been employed t o  de r i ve  a d d i t i o n a l  requirements f o r  dynamic s im i -  

l a r i t y  and t o  develop a design f o r  the i n i t i a l  se r ies  o f  experiments. 

i 
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Hyd rop  1 an i ng 
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I N TRODU CT I ON 

I t  i s  by now a well-known f a c t  t h a t  a pneumatic t i r e  r o l l i n g  o r  s l i d i n g  over 

a water-covered sur face may encounter a cond i t i on  which r e s u l t s  i n  i t s  cbmplete 

detachment from the surface; i t  then s k i s  along on a f i l m  o f  water,  a pheno- 

menon known as hydroplaning. The hydroplaning o f  landing gear has been con- 

s idered a c a u s i t i v e  f a c t o r  i n  a s u b s t a n t i a l  number o f  a i r c r a f t  runway a c c i -  

dents,  and automotive engineers are beginning t o  recognize t h a t  even highway 

veh ic les  may be suscep t ib le  t o  hydroplaning a t  speeds w e l l  below l e g a l  l i m i t s .  

Valuable exper imental  s tud ies  o f  the hydroplaning phenomenon have been 

c a r r i e d  o u t  by personnel o f  the NASA Langley Research Center, on the f u l l - s c a l e  

hydroplan ing t e s t  t r a c k  and instrumented wheel f i x t u r e  a t  t h a t  f a c i l i t y .  These 

s tud ies  have l e d  t o  the i d e n t i f i c a t i o n  o f  many f a c t o r s  which a f f e c t  hydroplaning 

and t o  the suggest ion o f  var ious p r a c t i c a l  methods f o r  i t s  a l l e v i a t i o n .  lS2  

o f  the p resen t  t ime, however, bas i c  understanding o f  the hydroplan ing pheno- 

menon remains q u a l i t a t i v e ,  i n t u i t i v e , a n d  e s s e n t i a l l y  fragmentary. 

A s  

One p r a c t i c a l  way t o  ga in bas i c  i n s i g h t  i n t o  the hydroplan ing phenomenon 

would be through the conduct o f  a systemat ic experimental program i n  which the 

q u a n t i t a t i v e  in f luence of each o f  the parameters reckoned t o  be o f  s i g n i f i c a n c e  

would be i n v e s t i g a t e d .  Such a program would n a t u r a l l y  i nvo l ve  the conduct o f  

a g r e a t  many t e s t s  over  a wide range o f  vary ing t e s t  cond i t i ons .  For reasons 

o f  economics, the Langley t e s t  f a c i l i t y  i s  c l e a r l y  n o t  s u i t a b l e  f o r  such an 

exhaust ive t e s t  program. I t  would appear, i n  f a c t ,  t h a t  any r e a l i s t i c  tech- 

nique for conducting such t e s t s  i n  f u l l  scale would invo lve p r o h i b i t i v e  expense 

and, a c c o r d i n g l y ,  t h a t  some model approach would be i n  o rde r .  

The Davidson Laboratory has p r e v i o u s l y  performed scale-model s imu la t i ons  

o f  pneumat i c - t i r e  performance i n  connection w i t h  var ious exper imental  s t u d i e s  

o f  automo t i ve-veh i c l  e dynam i cs . 
were conducted on a treadmi 1 1  " r o l l  ing road" f a c i  1  it^.^ 
come o f  these t e s t s  suggested the p o s s i b i l i t y  t h a t  a s i m i l a r  setup might  

p r o f i t a b l y  be u t i 1  ized f o r  scale-model hydroplaning s tud ies .  A hydroplan ing 

I n  one such a p p l i c a t i o n ,  the model t e s t s  3 94 

The encouraging o u t -  

v i i  



research program based on systemat ic  r o l l  ing-road model t e s t s  was acco rd ing l y  

proposed t o  NASA, and i t s  i n i t i a l  phases were implemented under NASA Contract  

DA 31003016. A t  the time t h i s  repo r t  was w r i t t e n ,  the development o f  the 

necessary t e s t  apparatus and procedures had been completed and ac tua l  t e s t i n g  

was about t o  get underway. This i n t e r i m  repor t  descr ibes the t e s t  f a c i l  i t i e s  

and equipment, d iscusses the re levant  scale-model ing  theory i n  r e l a t i o n  t o  the 

present  program, and descr ibes the development o f  smal I - sca le  t i r e s  fab r i ca ted  

o f  polyurethane foam, which are  shown to  possess s t a t i c  mechanical p r o p e r t i e s  

s imu 1 a t  i ng f u 1 1 - s  ca 1 e pneuma t i c a i r c r a  f t t i res.  

The authors would l i k e  t o  express t h e i r  thanks t o  Messrs. S.  A .  Bat terson,  

W. B. Horne, and U. T.  Joyner o f  NASA Langley Research Center f o r  t h e i r  adv ice 

and cooperat ion throughout the course o f  t h i s  work. Important c o n t r i b u t i o n s  

by Messrs. D.  M. Uygur, A. R. Schaefer, Jr., G. Wray, and 1 .  0. Kamm of 

Davidson Laboratory,  t o  the development o f  the exper imental  apparatus,  the 

conduct o f  the s t a t i c  t i r e  t e s t s ,  and the p repara t i on  o f  t h i s  r e p o r t ,  a re  

a l s o  g r a t e f u l l y  acknowledged. 
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NOME N C LATURE 

A 

b 

cz 

D 

f 

9 

H 
h 

R 
P 

P 
eq 

'r 

Pt  

V 
V 

W 

c r  

W 

6 

h 

II 

P 

0 

w 

gross i r e  foo p r i  rea 

w i d t h  o f  t i re-ground contact  area ( f o o t p r i n t )  

emp i r i cal  c o e f f i c i e n t  re1 a ted t o  t i  re v e r t i c a l  - force-def  l e c t  ion 
c h a r a c t e r i s t i c s ;  see Eq. (15) 
o u t s i d e  diameter o f  f r e e  t i r e  

c o e f f i c i e n t  o f  f r i c t i o n  between t i r e  and adjacent surface 

a cce 1 era t ion  o f  g rav i t y  

h o r i z o n t a l  f o rce  a c t i n g  on t i r e  

depth o f  undisturbed f l u i d  on ground 

l e n g t h  o f  t i  re-ground contact  area ( f o o t p r i n t )  

t i r e  i n f l a t i o n  pressure 

"equiva lent  t o t a l  pressure" o f  polyurethane-foam t i r e ;  see Eq. (16) 

r a t e d  pressure o f  t i r e  

t o t a l  pressure (P + 0.08Pr) 

l i n e a r  speed o f  t i r e  

hyd rop lan  ing incept  ion speed 

v e r t i c a l  f o rce  a c t i n g  on t i r e  

maximum w i d t h  o f  undef lected t i r e  

v e r t i c a l  t i r e  d e f l e c t i o n  

geometr ica l  sca le fac to r ;  r a t i o  between corresponding ! inear  dimensions 
of  model and prototype 

f l u i d  v i s c o s i t y  

f l u i d  d e n s i t y  

sur face tens ion  o f  f 1 u i d  

r o t a t i o n a l  speed o f  t i r e  

Subsc r ip t s  

( )m denotes q u a n t i t i e s  r e l a t i n g  t o  model 

denotes q u a n t i t i e s  r e l a t i n g  to prototype P 0 

i x  



Dimensionless C o e f f i c i e n t s  

Froude number = V/& 

Reynolds number = pVh/p 
2 

Weber number = p V  h/o 

X 



ANALYS IS 

mena i n v o l v  

requi  res on 

behav i o r  be 

Much o f  the 

s ides tepped 

res. The "parameters approach'' 

va r iab les  a f f e c t i n g  the system- 

second approach i s  employed here.  

d e s c r i p t i o n  o f  t i r e  dynamics i s  

There a re  two common systemat ic  methods whereby model i n g  laws f o r  a 
6 p a r t i c u l a r  phys ica l  system may be der ived. The "equations approach'' requi res 

knowledge o f  the c h a r a c t e r i s t i c  equat ions which govern the behavior o f  the 

system and the re fo re  i s  m a n i f e s t l y  not  appropr ia te f o r  the s tudy o f  any pheno- 

ng the dynamics o f  pneumatic t 

y t h a t  the complete s e t  o f  a l l  

s p e c i f i e d .  A v a r i a t i o n  o f  the 

d i f f i c u l t y  associated w i t h  the 

f o r  the moment by an assumption o f  geometr ical  s i m i l a r i t y  ( i n c l u d i n g  

s i m i l a r i t y  o f  t i r e  deformat ion) .  

the impos i t i on  o f  c o n s t r a i n i n g  r e l a t i o n s h i p s  between c e r t a i n  parameters govern- 

ing the dynamics o f  the model and prototype t i r e s  and, as w i l l  be seen sub- 

sequent ly,  merely de fe rs  the problem o f  establ  i s h i n g  the approp r ia te  r e l a t i o n -  

sh ips t o  a l a t e r  stage i n  the modeling process. 

This assumption obv ious l y  i s  equ iva len t  t o  

Below are the independent va r iab les  considered t o  a f f e c t  the hydroplaning 

phenomenon: 

D 

h 

W 
v 
w 

P 

P 

CJ 

f 

9 

9: 
T i r e  diameter 

F l u i d  depth 

T i  re  load 

L inea r  speed o f  t i  r e  

Ro ta t i ona l  speed o f  t i r e  

F l u i d  v i s c o s i t y  

F l u i d  d e n s i t y  

Surface tens ion o f  f 1 u i d  

C o e f f i c i e n t  o f  f r i c t i o n  between t i r e  and adjacent  sur face 

A c c e l e r a t i o n  o f  g r a v i t y  

-1, ,. 
I n  v iew o f  t he  assumption o f  geometr ical  s i m i l a r i t y ,  
usual  " c h a r a c t e r i s t i c  1 inear dimension" of t he  t i r e .  

D represents the 



The dependent v a r i a b l e  p r e s e n t l y  considered i s  the h o r i z o n t a l  f o rce  exer ted 

on the t i r e  by the ground, H.  

dimensional ana lys i s  ,7 the r e l a t i o n  expressing i t s  dependence upon the above 

independent v a r i a b l e s  may be obtained i n  the form 

By a p p l i c a t i o n  o f  conventional techniques o f  

H h V PD2V2 V PVh PV2h ) - = F ( i ,  f ,  - - w wD' W '3' p '  cr 

The model design cond i t i ons  f o l l o w  d i r e c t l y  from Equation ( 1 ) .  L e t t i n g  

the subsc r ip t  m denote q u a n t i t i e s  r e l a t i n g  t o  the model, and the s u b s c r i p t  p 

denote q u a n t i t i e s  r e l a t i n g  t o  the p ro to type ,  s u f f i c i e n t  c o n d i t i o n s  f o r  the 

equal i t y  o f  Hm/Wm and H / W  are 
P P  

h h  m = 2  
D 

Dm P 

f = f  
m P  

m vP 

mmDm p p 

v 
- = -  

m D  

p D2V2 m m m  

m w 
p D2V2 PPP 

W 
P 

"m vP a=- (Froude number) 

Pmvmhm PpVphp (Reynol ds number) - 
'm pP 

(5) 

2 



U U 
m P 

(Weber number) 

The cond i t i ons  given by Equat ons (2) through (5) a re  e a s i l y  met under a 

wide v a r i e t y  o f  t e s t  c o n s t r a i n t s .  Equations (6) through (8), however, present 

a problem long fami l  i a r  t o  scale-i..odel experimenters i n  the f i e l d  o f  hydro- 

dynamics: the incompat ib i l  i t y  o f  Froude-number ( " ) ,  Reynolds-number ( rn) , J97; P 
and Weber-number ( Em) scal  ing.  Because o f  t h i s  problem, i t  i s  no t  p r a c t i c a l l y  

0 

f eas ib le  t o  conduct a hydrodynamic model t e s t  w i t h o u t  some measure o f  model 

d i s t o r t i o n .  Empir ica l  methods o f  c o r r e c t i n g  f o r  model d i s t o r t i o n  i n  conven- 

t i o n a l  ship-model t e s t i n g  have been used by naval a r c h i t e c t s  f o r  many years,  

and a systemat ic  technique t o  account f o r  i t s  e f f e c t s  under more general condi- 

t i o n s  has been developed by M ~ r p h y . ~  

assumed t h a t  the i n f l uence  o f  both v i s c o s i t y  and surface tension may be 

neglected, i .e., i n i t i a l  cons ide ra t i on  i s  given t o  "dynamic hydroplaning. ' I1 

important aspect o f  the ana lys i s  o f  r e s u l t i n g  experimental data i s  t he re fo re  

the d e f i n i t i o n  of  the l i m i t s  o f  a p p l i c a b i l i t y  o f  t h i s  assumption i n  terms of  

both Reynolds number and Weber number. 

8 

For purposes o f  t h i s  study, i t  i s  f i r s t  

An 

Under the assumption of  n e g l i g i b l e  viscous and sur face- tens ion e f f e c t s ,  the 

model design cond i t i ons  are reduced t o  Equations (2) through (6), which can be 

simul taneously s a t i s f i e d  even under the convenient c o n s t r a i n t s  

- 
9m - 9p 

and 

(9) 

That i s ,  the model can be tested w i t h  the same f l u i d  as the p ro to type  under the 

same g r a v i t a t i o n a l  cond i t ions. S imul taneous so l  u t  ion o f  Equations (2)  through 

(61, (9) and (10) r e s u l t s  i n  the f o l l o w i n g  s e t  o f  s i m p l i f i e d  design cond i t i ons :  

3 



h = Ah 
m P 

r 

vm = dA vp  

w = h  3 wp 
rn 

f = f (Equation 3 ) 
r n P  

where h = D,/D i s  the geometr ical  sca le  r a t i o  f o r  the experiment.  
P 

4 



TEST EQUIPMENT AND INSTRUMENTATION 

Construct ion and inst rumentat ion o f  the t e s t  apparatus comprised the major 

e f f o r t  o f  t h i s  phase of  the study. To conduct the requi red t e s t s ,  i t  was neces- 

sa ry  t o  p rov ide  a s imulated runway sur face,  an adequate water supply,  a r i g  on 

which t o  mount the t e s t  t i r e s ,  and inst rumentat ion t o  measure t e s t  cond i t i ons .  

Figure 1 i s  a photograph o f  the completed hydroplaning-model-test f a c i l  i t y .  

R o l l  ing Road 

To s imulate the runway surface, an e x i s t i n g  conveyor-bel t apparatus c a l l e d  

the " r o l l  i n g  road" was upgraded t o  have operat ing c h a r a c t e r i s t i c s  appropr ia te 

f o r  hydroplan ing t e s t i n g .  Figure 2 i l l u s t r a t e s  the bas i c  p r i n c i p l e  o f  ope ra t i on  

o f  the r o l l i n g  road. The moving b e l t ,  3 f ee t  i n  width,  i s  s t re t ched  over a 

p a r a l l e l  p a i r  o f  20-in.-OD ho l l ow  c y l i n d r i c a l  drums. Power i s  suppl ied t o  the 

system through torque a c t i n g  on one o f  these drums. F r i c t i o n  between the rubber- 

coated drum sur face and the t i g h t l y  s t re tched ny lon b e l t  causes the b e l t  t o  

move over the powered drum w i t h o u t  s l  ipping. More general i n fo rma t ion  concern- 

ing  the r o l l  ing  road may be found i n  an e a r l  i e r  pub1 i c a t i o n .  5 

For purposes o f  t h i s  study, the f o l l o w i n g  m o d i f i c a t i o n s  were made: 

(a) Increased Power 

The e x i s t i n g  5-hp d r i v e  motor was replaced by a 40-hp d i r e c t -  

c u r r e n t  u n i t  powered and c o n t r o l l e d  by the ou tpu t  from a closed-loop, 50-kw 

motor-generator s e t .  The d-c generator i s  d r i v e n  by a 440-v a-c motor. The 

d-c generator  f i e l d  i s  e x c i t e d  by a d-c amp1 i f i e r  o f  v a r i a b l e  ou tpu t ,  and the 

armatures o f  the generator and r o l l  ing-road d r i v e  motor are coupled. The f i e l d  

o f  the r o l l i n g - r o a d  d r i v e  motor i s  exc i ted  by  a constant source. To main ta in  

constant  speed, there i s  a feedback which closes the loop between the d r i v e  

motor and the d-c a m p l i f i e r  i npu t .  

The e x i s t i n g  rubber " t i m i n g  b e l t "  power-transmission system was replaced 

by a heav ie r -du ty  system o f  the same type and the r o l l  ing-road drums were dynami- 

c a l l y  balanced f o r  ope ra t i on  a t  h ighe r  r o t a t i v e  speeds. 



The up-powered d r i v e  system i s  capable o f  p r o v i d i n g  r o l l i n g - r o a d  speeds i n  

excess o f  90 f e e t  pe r  second. 

(b) I n s t a l l a t i o n  o f  a Translucent B e l t  

I t  was f e l t  t h a t  p i c t u r e s  o f  the t i r e - r o a d  contact  patch, taken 

from below, would be a valuable complement t o  the q u a n t i t a t i v e  data obta ined 

d u r i n g  the program. I n v e s t i g a t i o n  d i sc losed  t h a t  b e l t s  o f  a v a i l a b l e  t rans-  

parent ma te r ia l s  were no t  s u i t a b l e  f o r  the present appl i c a t i o n ,  because o f  

i n s u f f i c i e n t  s t reng th ,  p a r t i c u l a r l y  a t  the t ransverse seam. Oriented ny lon,  

a1 though not t ransparent ,  i s  t rans lucen t  and permi ts  reasonably c l e a r  p i c t u r e s  

t o  be taken o f  o b j e c t s  w i t h i n  about one inch of  the sur face.  This m a t e r i a l  was 

the re fo re  considered acceptable from an o p t i c a l  s tandpoint .  St ress t e s t s  de- 

monstrated t h a t  i t  could be f a b r i c a t e d  w i t h  the r e q u i s i t e  s t r e n g t h  p r o p e r t i e s .  

The e x i s t i n g  rubber-bel t system was the re fo re  replaced by a t rans lucen t ,  

o r i e n t e d  nylon b e l t  0.060-in. t h i c k ,  36- in .  wide, and 2 8 - f t  long. The extreme 

l o n g i t u d i n a l  s t a b i l i t y  o f  the o r i e n t e d  ny lon  caused the b e l t  t o  buckle under 

the non-uniform tension appl ied by the crowned, s t e e l  i d l e r  p u l l e y ,  b u t  bands 

of  t h i c k  rubber, mounted near the ou ts ide  r i m s  o f  the i d l e r  drum, e l i m i n a t e d  

t h i s  e f f e c t  and have been g e n e r a l l y  successful  i n  p r o v i d i n g  a l e v e l ,  f l a t  

tes t -sur face . 
Heat generated by f r i c t i o n  between the n y l o n  b e l t  and the te f l on -coa ted  

support table i s  low enough t o  be d i s s i p a t e d  w i t h o u t  recourse t o  l u b r i c a t i o n  

o r  t o  the use of a secondary b e l t i n g  system as i n  the o r i g i n a l  r u b b e r - b e l t i n g  

se tups5  

causes the b e l t  t o  Ilhop" s l i g h t l y .  

f u tu re  t e s t i n g ,  grooves i n  the surface may be requ i red  f o r  re1 i e f .  

A i r  entrainment between the b e l t  and the t e f l o n  sur face sometimes 

If t h i s  c o n d i t i o n  proves de t r imen ta l  d u r i n g  

A p lex ig lass -m i r ro r  system t o  permi t  obse rva t i on  and photography o f  t h e  

t i r e  f o o t p r i n t  was designed but  has no t  y e t  been const ructed.  I n s t a l l a t i o n  

i s  being delayed pending complet ion o f  experiments t o  determine the optimum 

sec t i on  o f  the r o l l i n g  road f o r  hydroplan ing t e s t s .  
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Wate r-Supp 1 y Sys tem 

The water system i n s t a l l e d  t o  s imulate w e t  and f looded runways (Figures 1, 

3, 4, and 5)  i s  designed t o  deposi t  on the r o l l i n g  road a 12-in.-wide l aye r  o f  

water o f  v a r i a b l e  th ickness, f lowing a t  a speed the same as the b e l t  speed. 

(a) Wa ter -Ci  r c u l  a t ion  System 

The w a t e r - c i r c u l a t i o n  system consis ts  o f  a c e n t r i f u g a l  pump, 

capable o f  generat ing a 150 - f t  head, w i t h  an i n t e g r a l  25-hp, 100-v a-c power 

pack. 

through b i n .  p i p i n g ,  and d e l i v e r s  i t  t o  the nozzle.  A 3 - i n .  bypass l i n e  f 

the o u t l e t  o f  the pump r e t u r n s  water t o  the r e s e r v o i r .  Water-f low r a t e  i s  

g r o s s l y  c o n t r o l l e d  by a d j u s t i n g  gate valves which c o n t r o l  the f l o w  t o  the 

nozzle and through the bypass l i n e .  Maximum f l ow  i s  obtained when the nozz 

I t  draws water from a r e s e r v o i r  w i t h  a capac i t y  o f  373 cub ic  f e e t ,  

om 

e 

va lve i s  f u l l y  open and the bypass va lve i s  f u l l y  closed. A 1- in .  ine con- 

t r o l l e d  by a gate valve,  i n  p a r a l l e l  w i t h  the supply 1 ine,  prov ides f o r  f i n e  

adjustment  o f  the f low.  A t o t a l i z i n g  type o f  f l o w  meter i s  i n s t a l  ed j u s t  

ahead of  the nozzle t o  measure the f l ow .  Water discharged from the end o f  the 

r o l l  i n g  road i s  c o l l e c t e d  by a scoop and returned t o  the r e s e r v o i r .  A s t a i n l e s s -  

s t e e l  d i a t o m i t e  s p i n  f i l t e r  i s  used t o  remove f o r e i g n  p a r t i c l e s  from the water 

r e s e r v o i r  and hence prevent nozzle c logging and e r r a t i c  f l o w  c o n t r o l .  

The wa te r  system i s  ab le t o  de l  i v e r  340 ga l l ons  o f  water per minute, crest- 

i n g  a water  l a y e r  12- in.  wide and 0.1- in.  t h i c k ,  f l ow ing  a t  a speed o f  90 f e e t  

p e r  second. 

(b) Nozzle 

Figure 3 i s  a closeup view o f  the nozzle.  The f i r s t  s e c t i o n  o f  

the nozz le i s  a t r a n s i e n t  device which connects the 3-in.-diam c i r c u l a r  p ipe 

t o  the r e c t a n g u l a r l y  shaped i n l e t  o f  the second nozzle sec t i on ,  the th ickness- 

a d j u s t i n g  box. The t r a n s i e n t  s e c t i o n  i s  28-3/4 inches i n  l eng th ;  i t  has an 

i n s i d e  d iameter  o f  3 inches on one end and a t  the o t h e r  a rectangular  cross- 

s e c t i o n  12- in.  long and 0.50- in.  wide. The th ickness-adjust ing box contains a 

metal  p l a t e  hinged a t  one end and f r e e  a t  the o the r .  The d is tance between the 
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f r e e  end o f  the p l a t e  and the bottom p a r t  o f  the nozzle i s  ad justed by i n s e r t i n g  

rods o f  var ious th ickness between the hinged p l a t e  and the t o p  o f  the th ickness-  

a d j u s t i n g  box. There i s  a groove on the top face o f  the hinged p l a t e  t o  accom- 

modate these rods. Since standard rods a re  a v a i l a b l e  i n  increments of  0.01 

inches, almost any des i red opening w i t h i n  t h e  l i m i t s  o f  the nozzle (approx i -  

mately 0.5 inch) may be obtained. Under normal ope ra t i ng  cond i t i ons  the water 

pressure w i t h i n  the a d j u s t i n g  box i s  more than s u f f i c i e n t  t o  keep the hinged 

p l a t e  from f a l l i n g  ( a t  150- f t  head, t h e  f o r c e  i s  near 5,000 l b ) ;  however, two 

thumb screws a re  provided t o  p u l l  the p l a t e  f i r m l y  against  t h e  rod. 

The bottom (non-movable) p l a t e  o f  the th ickness-adjust  ing box i s  a1 igned 

t o  be tangent w i t h  the  t e s t  sec t i on  o f  the r o l l i n g  road so t h a t  the water j e t  

and road meet smoothly. 

T i r e  R i g  

The t e s t  t i r e s  a re  mounted on a nose-wheel assembly from a Grumman MOHAWK 

a i r c r a f t  modif ied t o  accommodate t i r e s  up t o  12 inches i n  diameter and 7 inches i n  

width,  and t o  a l l o w  f o r  inst rumentat ion.  F igures 6 and 7 show, r e s p e c t i v e l y ,  

f r o n t  and back views o f  the t i r e  r i g .  

The upper p a r t  o f  the s t r u t  which guides the wheel cy1 inder  i s  f i x e d  t o  a 

s t r u c t u r e  above the r o l l  ing road. This s t r u c t u r e  can be located anywhere a long 

the r o l l i n g  road. The wheel f o r k  and i t s  cy1 inder  are f r e e  t o  heave (move 

v e r t i c a l  l y ) .  

i nse r ted  between the male and female members o f  the v e r t i c a l  s t r u t .  Dur ing 

opera t i on  t h i s  sleeve i s  r o t a t e d  by a 1/4-hp motor. The e f f e c t  i s  t o  p rov ide  

l u b r i c a t e d  dynamic f r i c t i o n  r a t h e r  than s t a t i c  f r i c t i o n  between the members. 

The e n t i r e  movable s e c t i o n  i s  counterbalanced by an approp r ia te  counterweight -  

To prov ide minimum heave f r i c t i o n ,  a l u b r i c a t e d  brass s leeve i s  

A shaf t  capable o f  accommodating t i r e s  o f  va r ious  s i z e s  i s  mounted a t  the 

end of  the f o r k .  The wheel i s  i n s t a l l e d  p a r a l l e l  t o  the l o n g i t u d i n a l  a x i s  o f  

the r o l l i n g  road and i s  n o t  f ree t o  move l a t e r a l l y .  The r o t a t i o n  of  the wheel 

sha f t  i s  t ransmi t ted through a t i m i n g  b e l t  t o  an upper s h a f t  i n  which an e l e c -  

t r i c  brake i s  mounted. A symmetrical l o a d i n g  p l a t f o r m  i s  i n s t a l l e d  on the fo rk .  
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The e n t i r e  t i r e  r i g  i s  mounted on bearings which a l l o w  the r i g  freedom t o  

swing, pendulum fashion, a long the l o n g i t u d i n a l  a x i s  o f  the road. R e s t r i c t i n g  

t h i s , m o t i o n ,  however, i s  a para l le logram l inkage system connected t o  a fo rce  

transducer (see discuss ion under " Instrumentat ion") .  

i n s t rumen ta t ion 

(a) Hor i zon ta l  (Long i tud ina l )  Force Exerted on the T i r e  (H) 

A s p r i n g  beam, f i x e d  a t  one end, r e s t r a i n s  the pa ra l l e log ram 

l inkage o f  the t i r e  r i g .  

a b l e  d i f f e r e n t i a l  t ransformer which measures the d e f l e c t i o n  o f  the beam 

and, correspondingly,  the l o n g i t u d i n a l  f o rce  on the t i r e  r i g  ( the measure- 

ment s i g n a l  i s  e l e c t r o n i c a l l y  recorded on paper tape). This device i s  

accurate t o  w i t h i n  f 0.1 l b .  

Connected t o  t h i s  s p r i n g  beam i s  a l i n e a r  v a r i -  

(b) T i  re Load (W) 

T i r e  load i s  maintained constant by counterbalancing the weight  

on the t i r e  and then p l a c i n g  known weights on the load p la t fo rm.  When the 

sleeve i n s e r t  i s  r o t a t i n g ,  v e r t i c a l  f r i c t i o n  i s  l ess  than 0.3 l b .  

(c) L inear  Road Speed (V)  

L inea r  road speed i s  measured by a tachometer-generator at tached 

t o  the i d l e r  p u l l e y  o f  the r o l l i n g  road. Tach Gutput I s  recorded on paper 

tape. 

by d i v i d i n g  the volume f low,  as measured i n  the nozzle entrance p ipe,  by 

the e x i t  area of  the nozzle.  The accuracy o f  t h i s  method i s  s t i l l  t o  be 

proved; however, no a1 t e r n a t i v e  techniques which a re  s a t i s f a c t o r y  have yet  

been found. 

Water v e l o c i t y ,  which must match b e l t  speed, i s  p r e s e n t l y  computed 

(d) T i r e  Rotat ional  Speed (u) 

A tachometer-generator i s  attached t o  the upper s h a f t  o f  the t i r e  

r i g .  A t i m i n g  b e l t  ensures t u r n i n g  o f  upper s h a f t  and t i r e  a t  the same speed. 
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(e) F l u i d  V i s c o s i t y  ( p ) ,  Densi ty (p)  and Surface Tension (0) 

These a re ob t a  i ned from standard tab 1 es a f  te  r water-  tempe r a  t u  re  

measurements - 

( f )  Upstream F 

A mod i f i ed  

l o n g i t u d i n a l l y  and 

ing  road. A f e e l e r  

he i gh t d i f f e  rences . 

u i d  Depth (h) 

micrometer, at tached so t h a t  i t  can be pos i t ioned both 

a t e r a l l y  across the b e l t ,  i s  i n s t a l l e d  above the r o l l -  

at tached t o  the micrometer i s  ab le t o  measure surface- 

This device has n o t  proved e n t i r e l y  s a t i s f a c t o r y ,  

s ince there i s  a small  hop i n  the b e l t  and there are some sur face waves 

on the water.  Improved measurement techniques a re  being i nves t i ga ted .  

Cor re la t i on  o f  water h e i g h t  w i t h  nozzle opening has no t  y e t  been estab- 

1 ished. 

(9) T i r e  Diameter (D) 

I n  a l l  cases t h i s  represents the undef lected dimension a t  the 

p o i n t  o f  maximum diameter. 

(h) Tire-Road F r i c t i o n  ( f )  

This i s  computed as the r a t i o  o f  the measured h o r i z o n t a l  force 

exerted on a f u l l y  braked ( locked) t i r e ,  when the road i s  moving a t  a 

constant slow speed, t o  the imposed load. 
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STATIC TESTS OF MODEL TIRES 

One o f  the prime r e q u i s i t e s  f o r  the conduct o f  the hydroplan ing model- test  

program planned here i s  a s e l e c t i o n  o f  model t i r e s  o f  s y s t e m a t i c a l l y  va ry ing  

dimensions, whose mechanical p r o p e r t i e s  simulate accu ra te l y  those o f  repre- 

s e n t a t i v e  a i r c r a f t  t i r e s .  I t  was discovered a t  an e a r l y  stage t h a t  the a v a i l -  

ab le  s e l e c t i o n  o f  commercial pneumatic t i r e s  under 12 inches i n  diameter i s  

ext remely l i m i t e d ,  and t h a t  the cost  o f  f a b r i c a t i n g  such t i r e s  t o  s p e c i f i c a t i o n s  

would be p r o h i b i t i v e .  Semi-pneumatic t i r e s  were a v a i l a b l e  i n  much g rea te r  

v a r i e t y  i n  the s i zes  o f  i n t e r e s t ;  b u t  these, n o t  unexpectedly, were found t o  

possess mechanical p r o p e r t i e s  very d i s s i m i l a r  t o  those des i red.  

E a r l  i e r  s t u d i e s  conducted a t  the Davidson had demonstrated 

t h a t  a t i r e  f a b r i c a t e d  o f  s o l i d  polyurethane foam performs, i n  many respects,  

l i k e  an i n f l a t e d  pneumatic t i r e .  By changing the d e n s i t y  o f  the foam (con- 

t r o l l e d  by the mix used i n  manufactur ing),  d i f f e r e n t  t i r e  pressures may be 

simulated. Also,  the s i z e  and t i gh tness  o f  metal s ide p l a t e s  can be va r ied  t o  

s imu la te  the e f f e c t s  o f  s idewa l l  s t i f f n e s s .  By ca re fu l  machining on a l a the ,  

a polyurethane c y l i n d e r  can be given a reasonable t i r e  contour.  Absorpt ion o f  

water  by the (open c e l l )  polyurethane foam can be c o n t r o l l e d  by the a p p l i c a t i o n  

o f  a p l a s t i c  waterproof coa t ing  w i t h o u t  m a t e r i a l l y  a1 t e r i n g  deformat ion char- 

ac te  r i  s t  i cs . 
TO exp lo re  f u r t h e r  the f e a s i b i l i t y  o f  s i m u l a t i n g  pneumatic a i r c r a f t  t i r e s  

w i t h  polyurethane-foam models, a s e r i e s  of p r e l  iminary t e s t s  was conducted 

w i t h  models f a b r i c a t e d  o f  foams o f  var ious d e n s i t i e s  (between I 3  l b / f t  and 

16 l b / f t  ) ,  p l u s  a s i n g l e  small  i n d u s t r i a l  pneumatic t i r e  f o r  comparison. 

Measurements taken of  s t a t i c  load-deformation c h a r a c t e r i s t i c s  (see below) were 

compared w i t h  va r ious  emp i r i ca l  formulas shown by Smiley and Horne t o  descr ibe 

the p r o p e r t i e s  o f  modern pneumatic a i r c r a f t  t i r e s . ’  

3 
3 

Some dynamic t e s t s  were 

a l s o  conducted, b u t  no q u a n t i t a t i v e  data were taken. Q u a l i t a t i v e l y ,  however, 

the urethane t i r e s  appeared i n  a l l  respects t o  behave very s i m i l a r l y  t o  the 

pneuma t i c c o n t r o l  t i  re.  
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Expe r ime n t s we re 

Size (Diarn x Width) 

Test  Procedure 

conducted w i t h  the t i r e s  shown i n  the f o l l o w i n g  tab le .  

Descr i p t ion 

6" x 2" 

6" x 2" 

6" x 2" 

6 ' '  x 2" 

8.5" x 3" 

3 9; 
Polyurethane foam; d e n s i t y  15.9 l b / f t  ; Type I p r o f i l e  

Polyurethane foam; d e n s i t y  15.2 l b / f t 3  (est imated );  9.d: 

e l l i p t i c  p r o f i l e  

Polyurethane foam; d e n s i t y  14.6 l b / f t  ; Type I l l  p r o f  

Polyurethane foam; d e n s i t y  13.0 l b / f t 3 ;  e l l i p t i c  p r o f  

I n d u s t r i a l  pneumatic 280/250-4 (see Ref. 10) 

3 9: 
l e  

l e  

The tests  were conducted w i t h  the t i r e  r i g  shown i n  Figure 8. The t i r e  was 

loaded v e r t i c a l l y  by p l a c i n g  weights on a l oad ing  p l a t f o r m  over the a x l e .  

e l i m i n a t e  poss ib le  i r r e g u l a r i t i e s  around the t i r e ,  f o u r  p o i n t s  90-degrees apar t  

were tested and measurements a t  these f o u r  p o i n t s  were averaged f o r  every v e r t i -  

ca l  load. 

To 

For f o o t p r i n t  geometry measurements, the t i r e  surfaces were coated w i t h  

b lack  ink .  The pa inted surface o f  the t i r e  was then rested on a wh i te  sheet 

o f  paper so as t o  produce an ink  impression o f  the f o o t p r i n t  area. From these 

p r i n t s  the o v e r - a l l  length ( A )  and w i d t h  (b) o f  the f o o t p r i n t  were measured. 

The surface area (A) o f  the f o o t p r i n t  was measured w i t h  a p lan imeter .  V e r t i c a l  

t i r e  d e f l e c t i o n  ( 6 )  was measured w i t h  a mechanic's h e i g h t  gage (shown i n  F igure 

8) - 
The pneumatic t i r e  was tested w i t h  three d i f f e r e n t  i n f l a t i o n  pressures:  

Polyurethane t i r e s  were tes ted  bo th  w i t h  4- and 5- in . -d iam 

15,  
32,  and 55 p s i .  

aluminum side p l a t e s  and w i t h o u t  s ide p l a t e s .  

9: 
A i r c r a f t  t i r e s  are t y p e - c l a s s i f  ied accord ing t o  general appearance and p r o f i l e  
geometry. Type d e f i n i t i o n s  may be found i n  Reference 9. 

This t i r e  was a c c i d e n t a l l y  destroyed before weight/volume measurements were taken 
and i t s  densi ty  the re fo re  had t o  be est imated from the r e s u l t s -  

9ak 
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Test  Results 

Ve r t i ca l -Fo rce -De f lec t i on  Var ia t i ons .  - F igu re  9 i s  a p l o t  o f  the  v e r t i c a l -  

force-def l e c t  ion measurements f o r  each of the polyurethane model t i'r'es . tes ted  

w i t h  h-in.-diam s i d e  p la tes .  The curves a l l  have the  same general  form and, 

as might be expected, the  res is tance t o  deformation increases un i fo rm ly  w i t h  

inc reas ing  foam dens i t y .  Th is  i nd i ca tes  q u a l i t a t i v e l y  how the  e f f e c t  o f  

pneumat ic - t i re  i n f l a t i o n  pressure may be simulated w i t h  the  foam-model t i r e s .  

The e f f e c t  o f  s ide -p la te  diameter on the  foam-t i re d e f l e c t i o n  c h a r a c t e r i s t i c s  

i s  shown i n  F igu re  10. Q u a l i t a t i v e l y  again, t he  s i m i l a r i t y  t o  the  e f f e c t  o f  

pneumat i c - t  i r e  carcass s t i f f n e s s  i s  apparent. 

The q u a n t i t a t i v e  r e l a t i o n s h i p  between the l oad -de f lec t i on  p r o p e r t i e s  o f  

the  polyurethane foam t i r e s  and modern pneumatic a i r c r a f t  t i r e s  was i n v e s t i -  

gated on the  bas is  o f  t he  f o l l o w i n g  emp i r i ca l  formulas developed by Smiley and 

Horne. 9 

10 2 
W = o.g6(6/~) t o'21E(6/w) (For: 6 / w  7 c z )  

( P  + 0 . 0 8 P r ) w 6  Z 

W 

( P  + O.08Pr)w& 
= 2.4 [ (6 /w)  - Cz ] (For: 6 / w  2 3 10 c z )  

pt 
where 

P 

r 
P 

W 

6 

D 

W 

(P  + 0.08Pr) t o t a l  pressure 

i n f l a t i o n  pressure o f  t i r e  

ra ted  pressure of  t i r e  

0.02 f o r  Type I a i r c r a f t  t i r e s  
0.03 fo r  Types I l l  and V I 1  a i r c r a f t  t i r e s  

v e r t i c a l  load on t i r e  

v e r t i c a  d e f l e c t i o n  

o u t s i d e  diameter o f  f r e e  t i r e  

maximum w id th  o f  undef lected t i r e  

13 



The data of Figures 9 and 10 were f i t t e d  t o  the f o l l o w i n g  modi f ied form o f  

Equations (15). 

10 = 2.4 [(S/w) - C ] (For: 6 /w  2 - C ) W 
P w$iD z 3 2  
eq 

where P , the "equiva lent  t o t a l  pressure' '  o f  a polyurethane foam t i r e ,  i s  a 

f u n c t i o n  o f  both foam d e n s i t y  and s ide -p la te  diameter.  
eq 

The P values der ived i n  t h i s  manner f o r  each t i r e ,  g iven i n  the t a b l e  below, 
W eq 

Ptq W J Z  
w e r e  then used t o  compute the values of  the v e r t i c a l - f o r c e  parameter 

p l o t t e d  i n  Figures 1 1  and 12 along w i t h  the corresponding curves de r i ved  from 

Equat ion (16). 
9; 

EQUIVALENT TOTAL PRESSURE OF POLYURETHANE-FOAM MODEL T I  RES 

Foam Densi ty Side P l a t e  P 
eq 

(PS i 1 - ( 1  b / f  t3) diam ( i n . )  TY Pe 

I 15.9 4 23 - 5  
E l  1 i p t i c  15.2 5 19.8 
E l  1 i p t i c  15.2 4 18.2 

E l  1 i p t i c  15.2 0 18.2 

I l l  14.6 4 12.1 

E l  1 i p t i c  13.0 4 6.6 
E l  1 i p t  i c  13.0 0 5.6 

These graphs show t h a t  the measured da ta  a re  i n  e x c e l l e n t  agreement w i t h  

the f i t t i n g  equat ion.  I n  f a c t ,  the degree of  s c a t t e r  f rom the curves appears 

9i 
The value of  
a n a l y s i s  to  be equal t o  0.02 ( t h e  same as f o r  t he  Type I t i r e s ) .  

Cz f o r  e l l i p t i c  p r o f i l e  t i r e s  was determined from the data 

14 



t o  be even less than t h a t  e x h i b i t e d  by the a i r c r a f t - t i r e  data f rom which 

Equations (15) w e r e  o r i g i n a l l y  der ived.  Thus i t  may be concluded t h a t  the 

s t a t i c  v e r t i c a l - l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s  o f  the polyurethane t i r e s  are 

indeed s i m i l a r  t o  those o f  the modern pneumatic a i r c r a f t  t i r e ,  and t h a t  the 

"equivalent t o t a l  pressure" o f  one o f  t he  foam t i r e s  represents the t o t a l  pres- 

sure o f  a pneumatic a i r c r a f t  t i r e  o f  the same geometry and w i t h  the same v e r t i -  

c a l - l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s .  

I n s u f f i c i e n t  data a re  a v a i l a b l e  a t  t h i s  t i m e  t o  e s t a b l i s h  p r e c i s e l y  the 

general q u a n t i t a t i v e  r e l a t i o n s h i p  o f  pneumatic- t i re i n f l a t i o n  and carcass 

pressures t o  foam- t i re  dens i t y  and s ide -p la te  diameter. An i n d i c a t i o n  o f  the 

general na tu re  o f  such a r e l a t i o n s h i p ,  however, may be seen i n  F igure 13, which 

i s  a p l o t  o f  equ iva len t  t o t a l  pressure vs.  foam dens i t y  f o r  each o f  the p o l y -  

urethane t i r e s  tes ted  w i t h  b-in.-diarn s ide  p la tes .  

Geometric P roper t i es  of  F o o t p r i n t  Area. - Measured geometric f o o t p r i n t  

p r o p e r t i e s  o f  each of  the a i r c r a f t - p r o f i l e  polyurethane t i r e s ,  w i t h  4-in.-diam 

s i d e  p la tes ,  a re  shown i n  graphica l  form in  F igure 14. P l o t s  a re  g iven o f  the 

f o o t p r i n t - l e n g t h  parameter, A/D,  vs. the v e r t  i ca l -de f  l e c t i o n  parameter, 6 / D ;  

and o f  t he  f o o t p r  i n t - w i d t h  parameter, 

A/wfi, vs. the v e r t  i c a l - d e f  l e c t  ion parameter, 6/w. 

a r e  lines corresponding t o  the equations below, shown by Smiley and Horne t o  

descr ibe the geometric f o o t p r i n t  p roper t i es  o f  rep resen ta t i ve  pneumatic a i r -  
9 c r a f t  t i r e s  under pure v e r t i c a l  loading. 

b/w, and f o o t p r  i n t -a rea  parameter, 

P l o t t e d  on the same graphs 

A/D  = 1 . 7 d m -  

A = 2.3 6 f i  

where 1 = leng th  of t ire-ground contact  area ( f o o t p r i n t )  

b = w i d t h  o f  t i r e -g round  contact  area ( f o o t p r i n t )  

A = gross f o o t p r i n t  area 

and the o t h e r  symbols a r e  as de f i ned  e a r l i e r .  

15 



The graphs o f  F igure  14 show t h a t  the measured geometric f o o t p r i n t  pro- 

p e r t i e s  of  the polyurethane t i r e s  agree q u i t e  wel l  w i t h  the r e l a t i o n s  d e r i v e d  

from d a t a  f o r  the f u l l - s c a l e  pneumatic a i r c r a f t  t i r e .  

16 



CONCLUD I NG REMARKS 

A l abo ra to ry  setup has been developed f o r  the conduct o f  scale-model exper i -  

ments t o  i n v e s t i g a t e  the t i r e -hyd rop lan ing  phenomenon. Model t i r e s '  f ab r i ca ted  

o f  po l  yure thane foam have been shown t o  exh i b i t s t a t  i c 1 oad-def 1 e c t  ion char- 

a c t e r i s t i c s  which accu ra te l y  s imulate the p r o p e r t i e s  o f  f u l  1-scale pneumatic 

a i r c r a f t  t i r e s .  It i s  f e l t  t h a t  the l o g i c a l  next  step i n  the program i s  the 

v e r i f i c a t i o n  o f  the bas i c  experimental approach on the bas is  o f  comparisons o f  

ac tua l  t e s t  data w i t h  app rop r ia te  f u l l - s c a l e  resul  t s  generated p r e v i o u s l y  a t  

NASA Langley. To t h i s  end, an i n i t i a l  tes t  program has been formulated t o  

measure hydroplaning i ncep t ion  speed ( V  ) as a f u n c t i o n  o f  t i r e - l o a d i n g  and 

t i re-  geometry . c r  

The experiment w i l l  c o n s i s t  o f  an i n v e s t i g a t i o n  o f  the e f f e c t s  o f  each o f  

the independent va r iab les  h/D, w/D, and 6/D on the " c r i t i c a l  dynamic hydroplan- 

ing  parameter' '  p D  ( V  ) /W, f o r  a systemat ic se r ies  o f  model t i r e s  w i t h  rectan- 

g u l a r  cross-sect ion and no t read.  F igure 15 i l l u s t r a t e s  the experimental design 

i n  terms o f  a sample data sheet. 

2 2 
c r  

The exper imental  r e s u l t s  w i l l  be compared w i t h  the data f o r  f u l l - s c a l e  

pneumatic a i r c r a f t  t i r e s  presented by Horne and Joyner,' and w i l l  a l s o  be 

analyzed t o  determine Froude number, Reynolds number, and Weber number e f f e c t s  

(see d iscuss ions under "Analysis") .  On the bas is  o f  these inves t i ga t i ons ,  

general conclusions w i l l  be drawn regarding the Val i d i t y  o f  the experimental 

approach, and recommendations w i l l  be made f e r  the f u t u r e  course o f  work under 

t h i s  program. 

Dav i dson Laboratory,  
Stevens Ins t i t u t e  o f  Techno1 ogy 

Hoboken, N. J., August 29, 1967. 
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Figure 1 .  General View o f  the Davidson 
Ti re-Hydroplaning Test Fac 

I 
1 I 

La bora tory 
1 ity 

Oriented-Nylon Belt-, ,-Teflon-Covered Platform 

Figure 2. Schematic Illustrating Operation o f  Rolling Road 



Figure  3 .  Close-up V i e w  o f  Water-Supply Nozz le  

I 

Figure  4. Over-a1 1 View of Water-Supply System 

20 I 



F i g u r e  5.  Water-Return Scoop, R e s e r v o i r ,  and P i p i n g  

F i g u r e  6. F r o n t  View o f  T i r e  Test  R i g  W i t h  Po lyu re thane  Model T i r e  
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F i g u r e  7. Rear View o f  T i r e  Tes t  R i g  With P o l y u r e t h a n e  Model T i r e  

'1 

i g u r e  8. S t a t i c  T i r e - T e s t  Setup 
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0 1 5 . 9  LB/FT' FOAM, T Y P E  I PROFILE 
+ 15.2  L B / F T ~  FOAM, ELLIPTIC PROFILE 

- x 14.6 L B / F T ~  FOAM,  TYPE^ PROFILE 

0 13.0 LB/FT3 FOAM, ELLIPTIC PROFILE 
4"DIAM SiDE PLATES - 

0 0.2 0.4 0.6 0.8 I .o 
VERTICAL DEFLECTION, 8, INCH 

FIGURE 9. VERTICAL- LOAD-DEFLECT1 ON VARIATION FOR 
POLYURETHANE TIRES WITH 4" DIAMETER SIDE 
PLATES, VARIOUS FOAM DENSITIES AND PROFILES 
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70 

60 

5 0  

PD 

3' 40 

n 
a 
0 
J 

-J 
U 
0 

[I: 
W > 

F 3c 

2( 

I (  

( 

~~~ ~~ ~ 

- 0 15.2 LB/FT' FOAM, 5"DlAM SIDE PLATES 

x 15.2 LB/FT3 FOAM, NO SIDE PLATES 
0 13.0 LB/FT3 FOAM, 4" DlAM SIDE P L A T E S  
A 13.0 LB/FT3FOAM, NO SIDE P L A T E S  

ELLIPTIC PROF1 L E  

+ 15.2 LB/FT' FOAM, ~ " D I A M  S I D E  PLATES 

- 

VERTICAL DEFLECTION,  6, INCH 
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FIGURE IO. EFFECT OF S IDE-PLATE DIAMETER ON VERTICAL-  
LOAD-DEFLECTION V A R I A T I O N  OF POLYURETHANE 
TIRES 



1.4 

1.2 

1.0 

s 

n 

a- 0.8 

0- 
Q 

3 
W c 
W 
I 
a a 
if 

B 
W 
0 0.6 
a 

I 
-I 
U u 
I- 
a 
w 0.4 > 

0.2 

EQUATION (16) 

0 15.9 L B / F T S  FOAM, TYPE I 4"DlAM SIDE PLATES, Peq-23.5 Ps i  
-k 15.2LB/FTSFOAM, ELLIPTIC, 5"D lAM SIDE PLATES,peq= l9 .8pS i  
X 15.2 L B / F T a  FOAM, ELLIPTIC, 4" DlAM SIDE PLATES,peq = 18.2 psi 
0 15.2 L B / F T S  FOAM, ELLIPTIC, NO S IDE PLATES,peq- 18.2psi 
A 13.0 L B / F T 3  FOAM, ELLIPTIC, 4"DIAM S IDE PLATES,peq= 6.6psi 
v 13.0 L B / F T 3  FOAM, ELL IPT IC ,  NO SIDE PLATES,peq= 5.6psi 

0 0. I 0.2 0.3 0.4 0.5 
VERTICAL-  DE F L  ECTlON PA RAM E T E  R , 8/ W 

F IGURE I I. V A R I A T I O N  OF VERTICAL-FORCE P A R A M E T E R  WITH 
V E R T I C A L  DEFLECTION P A R A M E T E R  FOR T Y P E  I AND 
E L L I P T I C - P R O F 1  LE  P O L Y U R E T H A N E  MODEL T I R E S  
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CT 
Q) cs 
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3 
a- 0.8 
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I- 
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I 
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K 

2 

2 
0.6 

a 

I 
-I 
a 
0 
l- 
a 
w 0.4 > 

0.2 

0 

EOUATION (16) - 
0 14.6 LB/FT3 FOAM, T Y P E m ,  4"DIAM SIDE PLATES,p,q=12.1 p s i  

0. I 0 . 2  0.3 0.4 0.5 
VERTICAL-DEFLECTION P A R A M E T E R ,  8 / W  

FIGURE 12. VARIATION OF VERTICAL-FORCE PARAMETER WITH 
VERTICAL DEFLECTION PARAMETER FOR T Y P E I U  
POLYURETHANE MODEL TIRE 
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0 
0 13.0 13.5 14.0 14.5 15.0 15.5 16.0 

FOAM D E N S I T Y ,  LB/FT 

FIGURE 13. VARIATION OF EQUIVALENT TOTAL PRESSURE WITH 
FOAM DENSITY FOR POLYURETHANE TIRES WITH 4 "  
DIAMETER SIDE PLATES 
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0 14.6 LB/FT' FOAM, TYPE m + 15.9 LWFT* FOAM, TYPE I a 

-- PNEUMATIC-AIRCRAFT-TIRE DATA ( R E F . 9 )  
\ - E M P I R I C A L  CURVES BASED ON F U L L  SCALE 

A 0.6 r 

- 
- 
- 
- 
- 
- 
* I I I 1 I I I 

I I I I I 1 I I 
Q 0 4  a08 0.12 ais 

8 V E R T I C A L - D E F L E C T I O N  P A R A M E T E R ,  8 / D  
LL 

1.0 r 

n 

f 
4 

.- 0.8 - 

1 
0.24 0.32 0 0.00 a16 

v E R T I c A L - DE F L E CT ION PAR A M ET E R , 8 / w 

i 
i 0.6 

a 

a 

4 

B 
a4 

W 

4 
a 

f 
a a 

: 0.2 

+ o  8 - 

VERTICAL - DE FLECTION PAR A METE R , 8 /  w LL 

FIGURE 14. GEOMETRIC PROPERTIES OF FOOTPRINT 
AREA, POLYURETHANE MODEL TIRE WITH 
4" DIAMETER SIDE PLATES 
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- 
W - 
W 

W 

W 

W 

W 

W 

W 

W 

W 

W 

W 

k' 
- 

6 /D 

S 1 / D  

62 /D  

63 /D  

fjl/D 

62 /D  

6 / D  

6 / D  

62 /D  

63 /D  

6 1 / D  

62 /D  

6 i D  3 

w/D 

0.668 

0 . 4 0 0  

0.285 

0.222 

hl/D - 

I- 
z 
a 
I- 

in 

z 
0 

V 

c r  
V - h2/D 

t- 
z 
a 
I- 

in 

z 
0 

V 

c r  
v h3/D 

I- 

z 
a 
I- 

in 

z 
0 

V 

c r  
V - 

' i g u r e  15. Sample Data Sheet f o r  I n i t i a l  Test Program 

h4/D - 

I- 

z 
a 
I- 

in 

z 
0 

V 
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